Abstract. Magnetic nanowires of Fe, Fe-Co, and Fe-Ni alloy and layered structure were prepared by electrochemical alternating current (AC) deposition method. The morphology of the nanowires in and without the matrix was studied by energy dispersive X-ray spectroscopy (EDX), scanning electron microscopy (SEM), and X-ray diffraction (XRD), respectively. The wires either show strong dependence on the combination of elements deposition (alloy or layered) or chemical composition (Co or Ni). The magnetic properties of the nanostructures were determined on the basis of Mössbauer spectroscopy (MS).
Introduction
The vast development of nanotechnology and nanoscience in the last decades was possible due to availability of the novel characterization tools and studies of new fabrication route. Huge scientifi c interest has been dedicated to the materials with reduced dimensionality because of their unusual physical properties and variety of potential applications. Among others, magnetic nanostructures approaching Tbit/cm 2 are seen in high-density magnetic storage devices [1] . Magnetic nanostructures are also extensively studied due to their biomedical and biotechnological applications. The special and interesting kind of magnetic nanostructures are tubular and elongated ones which become highly attractive as multifunctional spices. Special alloy wires can be used in: magnetic recording media, sensors, and inductors as well as in other functional microstructures [2] . Nanostructures with a high aspect ratio and not uniform composition can be used for multiple biological sensing, biological separations, and gene delivery [3] [4] [5] . Nanowires saturation magnetization and coercive fi eld can be modifi ed by the combination of different elements in one superstructure [6] . Chemical surface modifi cation of magnetic wires can be tailored for selective interaction with molecules of special interest [7] . Magnetic nanowires can be used as skeletons of hierarchical ordering of molecules into larger superstructures for a large variety of biosensors. Besides many studies that have been done so far, there are still numerous challenges related to reproducible fabrication Magnetic nanowires (Fe, Fe-Co, Fe-Ni) -magnetic moment reorientation in respect of wires composition of nanostructures with well-defi ned physical and chemical properties. Therefore some diffi culties still demand extensive investigations of novel materials. Wires fabrication method (electrodeposition) is very attractive in comparison to other methods because of its fl exibility to the size and shape of the template [8, 9] . The element specifi c deposition processes were studied in case of thin fi lms while the nanowires deposition shows much complex behavior [6, 10] and the mechanism of alloy nanowires deposition has not been investigated in detail so far.
In the paper we report on the electrodeposition and properties of Fe, Fe-Ni, and Fe-Co nanowires fabricated in various manners (as alloy or layered structures). Proposed wires were characterized by: X-ray diffraction (XRD), scanning electron microscopy (SEM), energy dispersive X-ray spectroscopy (EDX), and Mössbauer spectroscopy (MS).
Results and discussion
Templates for wires deposition were obtained by anodization of aluminum in acidic solution under current conditions appropriate for the growth of the required pores diameter [11] . The details of the preparation of the matrices were described elsewhere [12, 13] . The example of anodic alumina oxide (AAO), the template used for the fabrication of wires, is shown in Fig. 1A . Here the pores in the matrix are of the order of (150 ± 20) nm. The structure of the AAO template can be modifi ed by the solution composition and voltage-current conditions. The pores diameter and their plane density are proportional to the AC voltage [14] .
Magnetic nanowires have been fabricated by constant current (DC) electrochemical deposition in AAO matrix. The aluminum foil covered with AAO and platinum plate, serve as working and reference electrodes, respectively. Prior to the characterization, the templates were kept in 1 M NaOH for alumina dissolution. The structure of the nanowires was observed by scanning electron microscope INSPCT S50. As can be seen from the presented image (Fig. 1B) , the fabricated nanowires are well organized, dense, and possess smooth walls which suggest that deposition conditions were chosen in the adequate way.
To be sure that both elements are present in the wires, an example of EDX analysis was registered on SEM Microscope (TM-1000 HITACHI Tabletop) for Fe, Fe-Co, and Fe-Ni system as shown in Fig. 2A . The obtained quantitative results are as follows: the fraction of Co in case of deposited alloys is slightly higher than that in the electrolytes. For Fe-Co solutions with a molar ratio of constituents in the solution 1:1, the elements ratio in the deposited wires was found to be 0.85±0.04 : 1.00±0.04, respectively. While for Fe-Ni the elements ratio was calculated to be 1.00±0.04 : 0.95±0.04. The results are in agreement with the observation that Co deposition is faster than deposition of Fe or Ni in case of thin fi lms [10] .
The crystalline structure of the fabricated nanowires was analyzed by X-ray diffraction. A small amount of powder was deposited on a nylon loop and analyzed in Agilent Technologies SuperNova diffractometer equipped with microfocus Mo (K  = 0.713067 nm) X-ray source. The analysis of the layered nanowires shows that the wires have been fabricated as crystalline structures with the recognized composition of used elements (see Fig. 2B ). Here typical signals for bcc Fe (110) (200) (211) (220) (310) [15] can be found accompanied by additional ones which are recognized as characteristic for hexagonal Co (100) (002) (102), and fcc Ni (111) (200) (220) (311) [16] [17] [18] .
Magnetic properties of the wires in the matrix were investigated by transmission Mössbauer spectroscopy. For this case a traditional set-up working in constant acceleration mode and equipped with 57 Co source in a Cr matrix was used. The 57 Fe Mössbauer spectra obtained for each type of nanowires show the coexistence of doublet and sextet. Hyperfi ne parameters (magnetic hyperfi ne fi eld m.h.f., isomer shift, and quadrupole splitting) of both subspectra are collected in Table 1 . The presence of doublet can be explained either by: spontaneous surface oxidation process taking place at the interface between matrix and wire, occurring just after deposition. It can happen due to the fact that electrodeposition is performed in air and samples are also kept in oxidative conditions. The other option is that doublet comes from the grain boundary, which is less likely since the structure of nanowires is rather dense and smooth.
The 57 Fe hyperfine parameters (isomer shift and quadrupole splitting) obtained for the doublet, correspond well with the ones known for the corrosion product of metallic iron, mainly of Fe 3+ oxidation state [19] . The hyperfi ne parameters of sextet m.h.f., isomer shift, and quadrupole splitting are very similar to these typical for -Fe [20] . It is in accordance with the relevant literature that the hyperfi ne parameters of Fe-Ni alloy are not too much different from the pure Fe ones, especially for the small concentration of Ni [21] [22] [23] [24] [25] .
In case of Fe-Co or Fe-Ni wires, the 57 Fe magnetic hyperfi ne fi eld is larger by about 1 T from the value corresponding to pure -Fe. This is in good agreement with the data obtained for Co-Fe multilayered system studied by CEMS [26, 27] . The presence of Co in the closest neighborhood of Fe causes the increase of magnetic hyperfi ne fi eld of Fe due to strong modifi cation of magnetic moment value from fi rst coordination atoms.
The most important issue which we would like to discuss is the intensity ratio of the second and third lines in sextets that varies from 1.6 to 3.2 in respect of sample composition and intrinsic structure. The general relation between relative line intensities in 57 Fe sextet can be described as 3:z:1:1:z:3, where the z value strongly depends on the relative orientation of the incident photon wave vector k with respect to the hyperfi ne magnetic fi eld direction. For random oriented Fe magnetic moments, z is equal to 2, while for parallel or perpendicular it is 0 or 4 [28] , respectively. The quantifi cation of the z value also allows to estimate the magnitude of the average square of the cosine: <( m) 2 >=(4 -z)/(4 + z), where  stands for the unit vector which is parallel to the photon wave vector k, and m means the unit vector parallel to the hyperfi ne external magnetic fi eld vector. The brackets < > denote averaging over the hyperfi ne fi eld orientation. The value of <( m) 2 > varies from 0 to 1 in respect of considered vectors relative orientations. For perfect perpendicular or parallel orientation of the magnetic moments to the matrix plane magnitude of <( m) 2 > is 1 or 0, respectively. Estimated values of the average square of the cosine for the presented samples vary from 0.11 to 0.43 and for some cases deviate signifi cantly from the value expected for randomly distributed magnetic moments which is equal to 0.33.
For ordered arrays of the nanowires of high aspect ratio, the domination of shape anisotropy can be expected and, therefore, nanowires should be predominately magnetized along the wire long axis. This was observed for the wires with a diameter smaller than 50 nm [29] . For larger wire diameters, the scenario can be different due to a high possibility of domain walls creations [30] . In this case the average value of <( m) 2 > and thus relative line intensities will be modifi ed and, as a result, different form values related to magnetization, oriented perpendicularly to the template plane. This situation is rather clear to understand for the wires with uniform composition. But the fabrication of elongated structures with distinguished layered inner texture, introduces additional contribution of shape anisotropy and for some system, extraordinary in plane or out-of-plane orientation of magnetic moments are expected especially at the interface regions. For the presented set of samples it is seen that Ni tends to orient Fe magnetic moments along the wire main axis, while Co rather opposite. Moreover, intermixing is important for the considered samples as it seems that more blended elements cause more specifi ed magnetic moments arrangement in contrary to layered system. This observation needs more studies which are planned in the near future.
Conclusion
The analysis of the presented 57 Fe Mössbauer spectra shows that in respect of chemical composition (Co or Ni presence) and relative distribution of 3D elements in the wires (alloy or layered structures) observable average magnetic moments change their orientation. From the fi rst results studied in the presented paper the cases are opposite to each other. Ni atoms affect Fe magnetization direction which is oriented mainly along the wires main easy axis. While Co presence in the structures organizes Fe magnetic moments perpendicular to the wire long axis.
